Leprosy is a chronic infectious disease of the skin and nerves caused by the intracellular pathogen Mycobacterium leprae. It is characterized by a spectrum of clinical forms depending on the host's immune response to M. leprae. Patients with tuberculoid leprosy (TT) have strong cell-mediated immunity (CMI) with elimination of the bacilli, whereas patients with lepromatous leprosy (LL) exhibit defective CMI to M. leprae. Between these two polar forms of disease are the unstable borderline forms, including borderline tuberculoid (BT), borderline, and borderline lepromatous (BL). Leprosy may be complicated by inflammatory reactions. Type 1 (reversal) reactions (T1R), common in borderline forms of leprosy, are due to delayed-type hypersensitivity and an increase in CMI to M. leprae antigens. Skin lesions and affected nerves become more inflamed during the reaction. The neuritis may result in irreversible peripheral nerve damage if it is not adequately treated. Six months of treatment with the glucocorticoid (GC) prednisolone reduces skin inflammation and improves nerve function in about 50 to 80% of the patients (7, 24, 40, 41, 43, 45) .
The immune response to M. leprae in TT patients is characterized by expression of protein and mRNA for Th1 cytokines, such as gamma interferon (IFN-␥) and interleukin-2 (IL-2) in skin lesions (1, 25, 47, 49) . These cytokines promote CMI and activation of macrophages. In contrast, mRNA for the Th2 cytokines IL-4 and IL-5 is present in skin lesions of LL patients (49) . The inflammatory cytokine tumor necrosis factor alpha (TNF-␣) is crucial to antimycobacterial immunity and plays an important role in granuloma formation during mycobacterial infection (6, 11, 16, 19, 39) . However, excess TNF-␣ can cause tissue damage, and previous work in our laboratory has shown that high levels of protein and mRNA for TNF-␣ are present in skin and nerve during tissue-damaging T1R (17) . Other groups have demonstrated the presence of protein and mRNA for TNF-␣ in skin lesions, peripheral blood mononuclear cells (PBMC), and plasma during T1R (30, 32, 36, 38, 42, 50) . Hence, down-regulation of TNF-␣ could be crucial for reducing inflammation during reactions. Expression of tumor necrosis factor ␤1 (TGF-␤1), an important regulator of inflammation and wound healing, is decreased in skin in T1R (18) , and thus up-regulation of TGF-␤1 could be beneficial for resolution of the reaction.
GCs are used for suppression of immunity and inflammation in chronic inflammatory diseases. The anti-inflammatory actions of GCs are partially due to their capacity to inhibit activation of transcription factors, such as NF-B, which regulates many genes, including those encoding TNF-␣, IL-1␤, IL-2, and inducible nitric oxide synthase (iNOS), which are involved in inflammatory responses. Studies have shown that treatment with GCs down-regulates TNF-␣ mRNA and protein in the blood of patients with inflammatory diseases, such as acute respiratory distress syndrome (29) and multiple sclerosis (14) . A down-regulation effect of GCs on many inflammatory cytokines has been observed in vitro, but the findings for the effect of GCs on TGF-␤1 and IL-10 expression are conflicting. In leprosy skin lesions, down-regulation effects of prednisolone treatment on IFN-␥, IL-6, IL-10, IL-12, IL-13, and iNOS pro-duction (2, 23) and TNF-␣, IFN-␥, IL-6, and IL-12 mRNA (31) have been demonstrated. Moreover, a study in Nepal showed that TNF-␣ and IFN-␥ responses, but not IL-10 responses, to M. leprae antigens are reduced in some patients with T1R while they are receiving a high dose of prednisolone (27) .
We investigated the effect of prednisolone treatment on the inflammatory cytokines TNF-␣ and IL-1␤ and the regulatory cytokines IL-10 and TGF-␤1 in the skin and blood of patients with T1R. Our aim was to compare events at the local site of infection (i.e., the skin lesion) and the systemic effects of the drug on cytokine expression. Borderline patients without a reaction and healthy subjects were included as controls.
We hypothesized that prednisolone treatment would result in down-regulation of TNF-␣ and IL-1␤ and up-regulation of TGF-␤1 and IL-10 in the skin and that treatment would have a similar effect on cytokine expression in the blood. We also hypothesized that a poor clinical outcome of skin and nerve function is associated with high expression of TNF-␣ and IL-1␤ and low expression of TGF-␤1 and IL-10. Blood samples and skin biopsies were taken from leprosy patients with and without T1R before and during prednisolone treatment. Healthy subjects were included as controls. We studied the effects of treatment on cytokine gene expression, as well as protein production, in blood and skin lesions and on the potential of PBMC to produce cytokines in response to M. leprae.
MATERIALS AND METHODS
Patients. All patients recruited into this study were attending the Blue Peter Research Centre, Hyderabad, India. The patients were graded clinically and histologically on the leprosy spectrum according to the Ridley-Jopling classification (37) . T1R was defined as the appearance of erythema and edema in either existing or new skin lesions within the previous 2 weeks and was confirmed histologically. Patients with T1R were treated with a standard reducing course of steroids that initially consisted of 30 mg oral prednisolone daily, and the dose was reduced by 5 mg each month for 6 months. Patients also received World Health Organization-recommended leprosy multidrug treatment (MDT). Permission was obtained for this study from the local ethics committee of the Blue Peter Research Centre, Hyderabad, India, and the London School of Hygiene and Tropical Medicine ethics committee. Informed consent was obtained in writing.
Clinical improvement. The severity of T1R was measured by using a numerical severity scale that assessed skin signs, nerve pain and tenderness (NPT), sensory testing (ST), and voluntary muscle testing (VMT). The clinical severity score (CSS) used in this study is a modified version of a protocol developed as part of the ILEP Nerve Function Impairment and Reaction Research Programme and described elsewhere (28) . Clinical improvement was defined as any reduction in the CSS for skin signs, NPT, ST, or VMT. Patients were divided into patients who improved (partially or completely) and patients who did not improve for each category after 1 week and 1 month of prednisolone treatment.
Preparation of PBMC and cell culture. Venous blood was collected into 10 U/ml heparin, and PBMC were separated on a Ficoll gradient. Aliquots of PBMC in RNAlater (Ambion, Huntingdon, United Kingdom) and aliquots of plasma were stored at Ϫ70°C. Production of cytokines by PBMC in response to M. leprae was measured by culturing PBMC in growth medium (RPMI, 5% autologous plasma, 2 mM L-glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin) in wells at 37°C in 5% CO 2. M. leprae soluble antigen (MLSA) and tuberculin purified protein derivative (PPD) (Statens Serum Institute, Copenhagen, Denmark) were added to the cultures at a concentration of 10 g/ml, and concanavalin A (ConA) (Sigma, Pool, United Kingdom) was added to the cultures at a concentration of 5 g/ml. MLSA was kindly supplied by Patrick Brennan of Colorado State University. After 20 h of incubation culture supernatants were collected and frozen at Ϫ70°C for batch testing.
Cytokine measurement by ELISA. Plasma and supernatants were tested for cytokines using a sandwich enzyme-linked immunosorbent assay (ELISA). Capture and biotinylated detection antibodies directed against TNF-␣ and IL-10 were purchased from BD Pharmingen (San Diego, Calif.). TGF-␤1 was captured using a chicken anti-TGF-␤1 antibody (R&D Systems, Abingdon, United Kingdom) and was detected with a mouse anti-TGF-␤1,2,3 antibody (R&D Systems), followed by biotinylated anti-mouse immunoglobulin G antibody (Sigma). Standards were prepared by serial dilution of recombinant human TNF-␣ (rhTNF-␣), rhIL-10 (BD Pharmingen), and rhTGF-␤1 (R&D Systems). Detection was performed with streptavidin peroxidase (Sigma) conjugated with o-phenylenediamine enzyme substrate (Sigma). The assays were sensitive over concentration ranges of 30 to 2,000 pg/ml for TNF-␣ and IL-10 and 300 to 5,000 pg/ml for TGF-␤1. TGF-␤1 is expressed constitutively and secreted in an inactive form that must be cleaved and activated before it can bind to its receptor. Total TGF-␤1 (i.e., active and inactive forms) was measured by acid activation of samples. For acid activation, 10 l of 1 M HCl was added to a 100-l sample or standard. After mixing and incubation for 10 min, 12 l of 1 M NaOH was added to neutralize the preparation, and samples were added to an ELISA plate within 10 to 15 min (34) .
RNA isolation and reverse transcription. Isolation of RNA from skin biopsies and PBMC stored in RNAlater was performed using an RNeasy fibrous kit and an RNeasy mini kit (QIAGEN, Crawley, West Sussex, United Kingdom), respectively. Digestion of DNA with DNase I (QIAGEN) was included for all RNA preparations. The RNA yield was determined with a RiboGreen RNA quantitation kit (Molecular Probes, Eugene, OR), and the RNA integrity was checked by agarose gel electrophoresis. cDNA was synthesized from RNA (200 ng/reaction mixture) using an Omniscript reverse transcriptase kit (QIAGEN).
Real-time PCR. Cytokine gene expression was quantified using real-time PCR assays. Primers were designed across intron-exon boundaries in mRNA sequences (obtained from the Nation Center for Biotechnology Information database) and were synthesized by Sigma-Genosys (United Kingdom). The nucleotide sequences of the forward and reverse primers, respectively, used in this study were as follows: for TNF-␣, 5Ј-TGC TTG TTC CTC AGC CTC TT-3Ј and 5Ј-GGT TTG CTA CAA CAT GG CTA C-3Ј; for TGF-␤1, 5Ј-GGAGCT GTA CCA GAA ATA CAG-3Ј and 5Ј-TCC ACT TGC AGT GTG TTA TG-3Ј; for IL-1␤, 5Ј-ATT GCT CAA GTG TCT GAA GC-3Ј and 5Ј-GTA GTG GTG GTC GGA GAT T-3Ј; for IL-10, 5Ј-TGA GAA CCA AGA CCC AGA CA-3Ј and 5Ј-TCA TGG CTT TGT AGA TGC CT-3Ј; and for the hypoxanthine guanine phosphoribosyltransferase 1 (HPRT1) standard, 5Ј-GCT GGA TTA CAT CAA AGC ACT G-3Ј and 5Ј-TGT TTC ACT CAA TAG TGC TGT GG-3Ј. Real-time PCRs were performed with a LightCycler (Roche, Idaho Technologies) using QuantiTect SYBR Green PCR master mixture (QIAGEN). The annealing temperature was 58°C for TNF-␣, 55°C for TGF-␤1 and IL-1␤, and 51°C for IL-10. HPRT1 was detected with a probe (QuantiTect gene expression assay) and a QuantiTect probe PCR kit (QIAGEN) used according to the manufacturer's instructions. To quantify gene expression (copies/l), the unknown samples were compared with a standard curve. To prepare standards for quantification, each target sequence was amplified and gel purified. The stocks were serially diluted from 10 6 to 10 copies/l in 2 mg/liter herring sperm DNA (Sigma). The results were expressed as the ratio of the number of cytokine mRNA copies to the number of HPRT mRNA copies.
Immunoperoxidase staining. Cryostat sections (6 m) of skin biopsies were fixed in acetone and immunostained with antibodies against TNF-␣ (MON5006; 1/5; Caltag Medsystems, Silverstone, Towcester, United Kingdom), IL-10 (SC-7888; 1:400; Santa Cruz Biotechnology, Santa Cruz, CA), TGF-␤1 (SC-146; 1:10; Santa Cruz Biotechnology), and the macrophage marker CD68 (clone EBM11; M0718; 1:200; Dako Ltd., Ely, United Kingdom). MON5006 and EBM11 were detected with rabbit anti-mouse antisera (Z0259; Dako) at a dilution of 1:50, followed by mouse peroxidase anti-peroxidase antibody (P0850; Dako) at dilution 1:100. SC-7888 was detected with goat anti-rabbit antisera (Z0421; Dako) at a dilution of 1:100, followed by rabbit peroxidase anti-peroxidase antibody (Z0113; Dako) at a dilution of 1:100. SC-146 was detected with biotinylated swine anti-rabbit antisera (P0399; Dako) at a dilution of 1:200, followed by streptavidin-biotin complex-horseradish peroxidase (Dako). Positive staining was visualized using 3,3-diaminobenzidine (Sigma, Pool, United Kingdom)-H 2 O 2 . Sections were counterstained with hematoxylin. The controls for the specificity of staining included using normal serum, omitting the primary antibody, and using similar isotype antibodies.
The cell and cytokine staining was assessed by grading the sections with the following scale: 0, negative; 1, a few scattered positive cells; 2, 10 to 30% of the cells were positively stained; 3, 30 to 50% of the cells were positively stained; 4, 50 to 80% of the cells were positively stained; and 5, 80 to 100% of the cells were positively stained. Cellular infiltration was assessed with the following scale: 1, no cellular infiltrate; 2, groups of cells; 3, moderate cellular infiltration; and 3, extensive cellular infiltration. We have used this scale in previous work (18, 20, 23) . Slides were evaluated by two independent observers. Confocal laser microscopy. Immunofluorescent labeled sections were examined with an inverted Zeiss LSM510 laser scanning confocal microscope fitted with krypton and argon lasers. Fluorescein isothiocyanate fluorescence was detected with 488-nm excitation and a 505-to 550-nm band-pass emission filter. Propidium iodide fluorescence was detected with 543-nm excitation and a 585-nm long-pass emission filter. Alexa Fluor 647 was detected with 633-nm excitation and a 650-nm long-pass emission filter. The images were superimposed for colocalization analysis. Immunofluorescence staining with negative control antibodies was recorded using exactly the same settings that were used for the specific staining to check for nonspecificity, as well as positive controls to eliminate potential crossover between channels.
Statistical analysis. Differences between times and between groups of patients were determined using the Wilcoxon signed-rank test and the Mann-Whitney test, respectively. P values of Ͻ0.05 were considered significant.
RESULTS
Thirty patients with T1R, 12 nonreactional patients, and eight healthy controls were recruited between March 2002 and September 2003. The characteristics of the patients with T1R were as follows: 13 BT T1R patients and 17 BL T1R patients; 11 females and 19 males; and 16 to 65 years old. At time of recruitment, 10 patients with T1R were already on MDT, 14 patients with T1R were about to start MDT, and 5 patients with T1R had previously taken and completed MDT. The characteristics of the nonreactional patients were as follows: six BT patients and six BL patients; all male; and 15 to 42 years old. All nonreactional patients were starting MDT at time of recruitment and had not taken MDT within 3 months prior to recruitment. The healthy controls were endemic laboratory staff (two females and six males who were 23 to 41 years old). Blood samples were collected from 16 patients with T1R before prednisolone treatment was started and after 1 and 6 months of prednisolone treatment. Skin biopsies were collected from 29 patients with T1R before prednisolone treatment was started and then during week 1 and months 1 and 6 of prednisolone treatment. For nonreactional patients a skin biopsy and blood sample were collected before MDT was started and after 1 month of MDT. A biopsy and a blood sample were not taken at all times for all patients. For healthy controls one blood sample was taken.
Cytokine mRNA expression in PBMC. All patients had detectable levels of mRNA for all the cytokines studied. Table 1 shows the median levels of cytokine gene expression in each group at the different times during treatment. The levels of TGF-␤1 mRNA in PBMC were significantly higher in healthy controls than in patients with T1R (P Ͻ 0.01) and nonreactional patients (P Ͻ 0.05). In contrast, the different groups of patients and controls expressed similar levels of mRNA for TNF-␣, IL-1␤, and IL-10. One month of prednisolone treatment significantly (P Ͻ 0.001) increased the expression of IL-10 mRNA in 11 of 14 patients with T1R, and after 6 months of treatment the levels had returned to levels similar to those before treatment. Prednisolone treatment had no significant effect on TNF-␣, IL-1␤, and TGF-␤1 mRNA expression. Nonreactional patients expressed similar levels of TNF-␣, IL-1␤, IL-10, and TGF-␤1 mRNA before treatment and after 1 month of treatment with MDT.
Cytokine plasma levels. Cytokine plasma levels for patients with T1R, nonreactional patients, and healthy controls were determined using ELISA. Surprisingly, none of the patients with T1R and only two of the nonreactional patients had detectable plasma levels (Ͼ30 pg/ml) of TNF-␣, whereas TNF-␣ was detected in six of the seven healthy controls. IL-10 was detected in plasma of two patients with T1R, one nonreactional patient, and one healthy control. The healthy controls produced lower levels of total TGF-␤1 than the patients produced, but the difference was significant (P Ͻ 0.05) only when nonreactional patients and healthy controls were compared. The median cytokine plasma levels are listed in Table 1 . Onethird of all the subjects had no detectable levels (Ͻ300 pg/ml) of active TGF-␤1 in their plasma, and patients and controls produced similar levels of active TGF-␤1. The TNF-␣ plasma levels remained below or just above the positive cutoff in 11 of 14 patients with T1R during the 6 months of treatment with prednisolone. Similarly, the levels of IL-10 and active TGF-␤1 did not change in reactional patients during prednisolone treatment. In contrast, the plasma levels of total TGF-␤1 were significantly (P Ͻ 0.01) reduced after 1 month of treatment. In a few patients a small increase in total TGF-␤1 was detected at 6 months, and hence no significant difference in the total TGF-␤1 production was detected between the baseline and 6 months. Nonreactional patients had similar plasma levels of these cytokines before MDT and after 1 month of MDT. Cytokine responses to M. leprae antigen. The median cytokine levels in culture supernatants of PBMC from patients before they started treatment and from healthy controls are shown in Table 2 . Patients with T1R showed significantly (P Ͻ 0.05) higher levels of spontaneous production of TNF-␣ than nonreactional patients showed, whereas ConA-and PPD-induced production of TNF-␣ was similar in patients and controls. One-half of the patients with T1R showed a higher TNF-␣ response to MLSA than the nonreactional patients and healthy controls showed, but the difference was not significant. Patients with T1R, nonreactional patients, and healthy controls also produced similar levels of IL-10 in response to ConA, PPD, and MLSA. The levels of spontaneous production of total TGF-␤1 were high in all culture supernatants, and stimulation with ConA, PPD, or MLSA did not influence the ability of PBMC to produce total TGF-␤1. Moreover, patients and controls produced similar levels of total TGF-␤1.
After 1 month of treatment, when all patients with T1R were on a high dose of prednisolone (average dose, 30 mg), PPDand MLSA-induced TNF-␣ production was reduced in 8 of the 16 patients with T1R, whereas 4 patients showed an increase and the remainder showed no change in TNF-␣ production. However, after 6 months of prednisolone treatment, spontaneous (P Ͻ 0.01), PPD-induced (P Ͻ 0.05), and MLSA-induced (P Ͻ 0.01) TNF-␣ production was significantly lower than production before treatment. Cytokine responses to MLSA during treatment are shown in Fig. 1 . Overall, no significant change in TNF-␣ production was detected in ConA-stimulated cultures during prednisolone treatment. Similar levels of spontaneous and ConA-, PPD-, or MLSA-induced IL-10 were detected in PBMC of patients with T1R before and during pred- nisolone treatment. In contrast, 1 month of prednisolone treatment significantly (P Ͻ 0.01) reduced the levels of total TGF-␤1 in culture supernatants of both stimulated and unstimulated PBMC. For most patients the levels of total TGF-␤1 stayed low after 6 months of prednisolone treatment, although there was not a significant difference between the baseline and 6 months. Nonreactional patients showed similar levels of spontaneous and ConA-, PPD-, and MLSA-induced TNF-␣, IL-10, and total TGF-␤1 production before MDT and after 1 month of MDT (Fig. 1) . The levels of active TGF-␤1 were undetectable or very low in all culture supernatants at all times (data not shown). Cytokine production in skin lesions. The results of the immunostaining experiment are summarized in terms of semiquantitative grades in Table 3 . All skin biopsies collected before treatment had cellular infiltration, and a large proportion of the cells stained positive for the macrophage marker CD68. Most patients with T1R had large granulomas and, overall, significantly (P Ͻ 0.05) more cellular infiltration than nonreactional patients. Cellular infiltration was reduced significantly (P Ͻ 0.001) after 1 month of prednisolone treatment. However, some patients with T1R continued having moderate to extensive cellular infiltration even after 6 months of treatment. One patient had grade 3 granuloma formation and four patients had grade 2 granuloma formation at 6 months.
Before treatment the grades for cells staining positive for TNF-␣ were significantly (P Ͻ 0.0001) higher in patients with T1R than in nonreactional patients. Figure 2 shows representative microphotographs of sections of skin in T1R stained for TNF-␣. Similarly, skin biopsies from patients with T1R showed significantly (P Ͻ 0.0001) more cells positive for IL-10 than skin biopsies from nonreactional patients showed. In contrast, there were significantly (P Ͻ 0.05) fewer TGF-␤1-positive cells in patients with T1R than in nonreactional patients. After 1 and 6 months of prednisolone treatment the median grades for cells positive for TNF-␣ and IL-10 were significantly (P Ͻ 0.001) reduced. However, not all patients with T1R showed a decrease in TNF-␣ and IL-10 production. At 6 months two patients still had grade 4 (Ͼ50%) for cells staining positive for TNF-␣, and one patient had grade 4 for cells staining positive for IL-10. No significant difference was found between the median scores for TNF-␣ or IL-10 for day 0 and week 1 biopsies during prednisolone treatment. A small but significant increase (P Ͻ 0.01) in the grades for cells positive for TGF-␤1 was detected after 6 months of prednisolone treatment, although the median grade for TGF-␤1 (1) did not change during prednisolone treatment. No change in the grade for TGF-␤1-positive staining was detected in biopsies collected from patients with T1R at earlier times during treatment. In nonreactional patients, 1 month of MDT had no discernible effect on cellular infiltration and TNF-␣, IL-10, and TGF-␤1 production as skin biopsies from nonreactional patients had similar grades before MDT and after 1 month of MDT.
The cytokines studied are predominately produced by cells of the monocyte lineage. To investigate if macrophages are the primary source of TNF-␣ and IL-10 production in skin lesions in T1R, skin biopsies from four patients were double stained using fluorescence for CD68 and TNF-␣ or IL-10. A large proportion of cells in the granulomas stained positive for TNF-␣, and a large proportion of cells stained positive for CD68 (Fig. 3) . When images of the same section were superimposed, most of the CD68-positive cells were shown to also be positive for TNF-␣. However, some cells only stained positive for TNF-␣, and some cells were negative for both TNF-␣ and CD68. Similarly, most of the IL-10 staining colocalized with CD68 staining (Fig. 3) .
Cytokine mRNA expression in skin lesions. The levels of mRNA for IL-1␤ were significantly higher in biopsies from patients with T1R than in biopsies from nonreactional patients, whereas similar levels of TNF-␣, IL-10, and TGF-␤1 were detected in patients with and without T1R (Fig. 4) . In patients with T1R, a significant reduction in the mRNA levels for TNF-␣ (P Ͻ 0.01) and IL-1␤ (P Ͻ 0.02) was seen at 1 and 6 months during prednisolone treatment. Likewise, a significant (P Ͻ 0.05) decrease in mRNA for TGF-␤1 was detected in the month 6 biopsies from some patients with T1R. IL-10 mRNA was expressed at similar levels at all times. The levels of TNF-␣, IL-1␤, IL-10, and TGF-␤1 mRNA were similar in skin biopsies from nonreactional patients before MDT and after 1 month of MDT (Fig. 4) .
Comparison of cytokine expression and clinical outcome. Clinical improvement of patients with T1R was evaluated by using a clinical severity scale and compared to expression of protein and mRNA for TNF-␣, IL-1␤, IL-10, and TGF-␤1 in skin and blood. After 1 week of prednisolone treatment, 4 of the 13 patients with T1R who had a skin biopsy taken at this time had improved skin signs. The cytokine production in patients who improved at time zero was compared to the cytokine production at 7 days. This showed that patients with improved skin signs had no change in cytokine production after 1 week of treatment. One of two patients with impaired NPT, one of nine patients with impaired ST, and three of nine patients with impaired VMT showed improvement in the corresponding categories after 1 week of treatment. No change in cytokine expression was seen in the few patients with improvement in NPT, ST, or VMT after 1 week of treatment (data not shown).
By definition, all patients with T1R had skin signs (erythema and/or edema) of T1R. After 1 month of prednisolone treatment patients showed complete (n ϭ 14), partial (n ϭ 9), or no (n ϭ 6) improvement of skin signs. Patients who had improved skin signs and patients who did not have improved skin signs had similar skin and blood cytokine profiles (data not shown), indicating that poor clinical skin improvement after 1 month of treatment is not associated with high or low levels of TNF-␣, IL-1␤, IL-10, or TGF-␤1 in the skin or blood. Four of five patients with impaired NPT, 6 of 24 patients with impaired ST, 
FIG. 4.
Cytokine mRNA levels in sequential skin biopsies from patients with T1R and nonreactional patients before and during treatment. Levels of cytokine mRNA for TNF-␣, IL-1␤, TGF-␤1, IL-10, and HPRT1 in skin biopsies were quantified using real-time PCR assays. The results are expressed as the ratio of cytokine mRNA to HPRT1 mRNA. Each dot represents a patient. Significant differences compared with zero time are indicated as follows: one asterisk, P Ͻ 0.05; and two asterisks, P Ͻ 0.01. and 9 of 21 patients with impaired VMT showed improvement in the corresponding categories after 1 month of treatment. Patients with improved and nonimproved NPT and VMT had similar skin and blood cytokine profiles (data not shown). A significant (P Ͻ 0.01) increase in TGF-␤1 mRNA expression was detected in PBMC of patients with improved ST (n ϭ 4) at 1 month, whereas no change in TGF-␤1 mRNA expression was detected in patients with nonimproved ST (n ϭ 11) (data not shown). The difference in TGF-␤1 mRNA levels between patients with improved ST and patients with nonimproved ST at 1 month was significant (P Ͻ 0.01), suggesting that TGF-␤1 has a protective role. However, the total and active plasma levels of TGF-␤1 were similar in the two groups of patients. Thus, there is no apparent correlation between nerve function impairment and expression of the cytokines studied in leprosy T1R.
To determine if there were differences in cytokine levels depending on whether a patient was already on or had just started MDT at time of recruitment, cytokine mRNA and protein expression data for skin biopsies and blood from these two groups of patients, as well as patients who had previously completed MDT, were compared. No significant difference in cytokine expression was detected between these groups of patients. Moreover, similar patterns of cytokine mRNA and protein expression were detected in patients with BT T1R and in patients with BL T1R. These similarities justify grouping all the patients with T1R together.
DISCUSSION
Although the focal point of the immune response to M. leprae is tissue granulomas of the skin and nerves, the immune response in the blood should reflect what happens at the local site of infection. Surprisingly, circulating cytokine profiles were similar in patients whether or not they had T1R, and prednisolone treatment had no effect or a different effect on cytokine expression in the blood compared to the skin. Protein and mRNA for TNF-␣ were reduced in the skin after 1 month of prednisolone treatment, whereas no effect of prednisolone treatment on circulating levels of TNF-␣ mRNA and protein was detected in blood. In a similar way but with a longer time scale than that for the skin, 6 months of prednisolone treatment had an inhibitory effect on the potential of PBMC to produce TNF-␣ in response to MLSA and PPD. However, it is surprising that we did not see inhibition of the TNF-␣ response during the first month of treatment when all the patients with T1R were on a high dose of prednisolone. A study in Nepal of 96 patients with T1R showed that TNF-␣ responses to M. leprae antigens were reduced in some patients with T1R while they were receiving a high dose of prednisolone after 2 weeks of treatment (27) . As observed for TNF-␣, the effects of prednisolone treatment on IL-1␤ were different in the skin and the blood. The reason that we did not see a reduction in TNF-␣ and IL-1␤ mRNA expression in PBMC during prednisolone treatment may have been that these cytokines are not upregulated in the blood of leprosy patients with or without T1R. The healthy endemic controls in this study had levels of TNF-␣ and IL-1␤ mRNA in PBMC similar those in patients and higher plasma levels of TNF-␣ protein. In accordance with our findings, others have shown that prednisolone treatment has an inhibitory effect on TNF-␣ mRNA expression in skin lesions (31) and no effect on TNF-␣ plasma levels (10, 42) . The present study confirmed that the focal point of the immune response during T1R is localized to the skin (and nerves) and suggested that the circulating cytokine profile may not reflect the immune response at the local site of infection. Moreover, the data suggested that using circulating levels of TNF-␣ diagnostically to confirm reactions or to monitor the response to treatment is not useful.
The high levels of IL-10 in skin lesions of patients with T1R were reduced after 1 month of prednisolone treatment, whereas treatment did not seem to have an effect on IL-10 mRNA expression in skin lesions. The levels of IL-10 mRNA in PBMC increased during the first month of treatment, although prednisolone treatment did not affect the IL-10 plasma levels or the potential of PBMC to produce IL-10 in response to MLSA. Similar conflicting data for the effect of GCs on IL-10 have been obtained for other diseases and experimental models (8, 12, 14, 44) . Consistent with our findings, Atkinson et al. (2) showed that prednisolone treatment reduced production of IL-10 in skin lesions in patients with T1R, and Moraes et al. (31) found that IL-10 mRNA expression in skin lesions in patients with T1R is insensitive to prednisolone treatment. Manandhar et al. (27) showed that the IL-10 response to M. leprae antigens in whole-blood assays for patients with T1R is not influenced by prednisolone therapy. Moreover, a clinical study of multiple sclerosis demonstrated that GC treatment resulted in increased circulating levels of IL-10 mRNA and protein (14) . It is interesting that IL-10 is up-regulated in reactional skin, although it has important immunoregulatory effects, such as inhibition of expression of TNF-␣ (21) and Th1 cytokines (48) . The presence of both pro-and anti-inflammatory cytokines in the skin lesions highlights the complexity of the regulatory pathways in the granulomas during T1R. Moreover, the differences in cytokine protein and gene expression highlight the importance of studying cytokine protein production alongside mRNA expression.
The suppressive effects of TGF-␤ include inhibition of IFN-␥, TNF-␣, and iNOS production (9, 46) and up-regulation of IL-10 production (26, 35) . Hence, the small increase in active TGF-␤1 detected in skin lesions during prednisolone treatment may play a role in resolving the T1R and preventing immune-mediated pathology. On the other hand, previous studies (18) have shown that production of active TGF-␤1 is low in TT lesions compared to LL lesions, indicating that TGF-␤1 may be important in maintaining the balance between control and clearance of M. leprae during infection. A similar role for TGF-␤1 in protective immunity versus pathology in malaria has been suggested by Omer et al. (33) . There are no published in vivo data on the effect of GC treatment on TGF-␤1 in humans, and the results of in vitro studies are conflicting (3, 4, 13) , although a xenotransplant model of giant cell arthritis in mice suggested that TGF-␤1 mRNA and protein expression is steroid resistant (5) . When a patient is given an anti-inflammatory drug, such as prednisolone, the stimulus for the body to make its own anti-inflammatory proteins may be reduced as well. Hence, it is perhaps not so surprising that the levels of IL-10 and TGF-␤1 did not increase when the leprosy patients' reactions were ameliorated with prednisolone therapy. This is one of the largest in vivo studies of cytokine expres-sion in both skin and blood of patients with T1R and nonreactional controls. Most of the patients with T1R in this study were on MDT which included the mild anti-inflammatory drug clofazimine. Previous studies on the effect of prednisolone treatment on cytokine expression in patients with T1R have not looked at the effect of MDT. In the present study, results for cytokine expression in skin biopsies and blood samples collected before MDT was started and after 1 month of MDT from nonreactional patients were used as controls. Our data suggest that 1 month of MDT has no apparent effect on TNF-␣, IL-1␤, IL-10, and TGF-␤1 expression and that it is prednisolone treatment rather than MDT that down-regulates TNF-␣, IL-1␤, and IL-10 in the skin lesions of patients with T1R.
The data obtained in this study indicate that improvement of skin signs is not directly mediated by the production of TNF-␣, IL-1␤, IL-10, and TGF-␤1, and instead, it seems that prednisolone causes a rapid reduction in edema, followed by a slower effect on expression of these cytokines in the skin. After 6 months of prednisolone treatment the production of TNF-␣ and IL-10 was still high in some patients. Previous work has shown that production of IFN-␥, IL-6, IL-10, IL-12, and iNOS in skin lesions in patients with T1R is reduced in most patients after 1 month of prednisolone treatment (2, 23) . Many of these patients had improved skin signs after 1 week, but the improvement was not associated with reduced expression of any of these cytokines (2) . Hence, the reduction in inflammation in skin lesions does not seem to be directly mediated by the effect of prednisolone on cytokines. The fast effect of prednisolone on inflammation might be because GCs diminish the formation of prostaglandins and leukotrienes (15) , which are produced by activated mast cells and macrophages and act as vasodilators and bronchoconstrictors. Moreover, some of the effects of prednisolone on inflammation may be due to nonspecific nongenomic mechanisms. These activities result in changes in intracellular processes, such as calcium and sodium transport across the membrane, which are essential for immediate and sustained activation of immune cells (22) . Although most patients in this study showed a reduction in erythema and edema of the skin after 1 month of treatment, few patients showed any improvement in nerve function impairment at this time. Only 45 to 50% of patients had reduced CSS for ST and VMT after 6 months of treatment. Thus, the 6-month reducing course of prednisolone was less effective for improving nerve function impairment than for reducing inflammation in skin lesions. Previous studies in Hyderabad (24) and other places (7, 40, 41, 45) showed similar or worse clinical outcomes of nerve function impairment after prednisolone treatment.
Prednisolone is widely used for treatment of leprosy T1R, but clinical improvement varies, and a better understanding of the immunology of T1R is required to improve treatment for these patients. The immune response to M. leprae is cytokine mediated, whereas the involvement of cytokines in reactions is less understood. Leprosy research has focused on cytokines in reactions, but the data obtained in the present study suggest that factors or modulators other than cytokines may be more important, and we do not know what makes the clinical signs resolve in early stages. This study showed that prednisolone does not switch off cytokine responses effectively and highlighted the importance of understanding how prednisolone works. Only by understanding the early resolution can we develop better drugs that reduce inflammation more rapidly.
